The impacts of climate change in terms of forest vegetation shifts and Net Primary Productivity (NPP) changes are assessed for Brahmaputra, Koshi and Indus river basins for the mid (2021-2050) and long (2071-2100) terms for RCP4.5 and RCP8.5 scenarios. Two Dynamical Global Vegetation Models (DGVMs), Integrated BIosphere Simulator (IBIS) and (Lund Postdam and Jena (LPJ), have been used for this purpose. The DGVMs are driven by the ensemble mean climate projections from 5 climate models that contributed to the CMIP5 data base. While both DGVMs project vegetation shifts in the forest areas of the basins, there are large differences in vegetation shifts projected by IBIS and LPJ. This may be attributed to differing representation of land surface processes and to differences in the number of vegetation types (Plant Functional Types) defined and simulated in the two models. However, there is some agreement in NPP changes as projected by both IBIS and LPJ, with IBIS mostly projecting a larger increase in NPP for the future scenarios. Despite the uncertainties with respect to climate change projections at river basin level and the differing impact assessments from different DGVMs, it is necessary to assess the "vulnerability" of the forest ecosystems and forest dependent communities to current climate risks and future climate change and to develop and implement resilience or adaptation measures. Assessment of the "vulnerability" and designing of the adaptation strategies could be undertaken for all the forested grids where both IBIS and LPJ project vegetation shifts.
Introduction
Climate change is of particular relevance to policymaking because the inexorable rise in the average global temperature is expected to change the hydrological cycle, a consequence that will have multiple impacts on natural resources (e.g. forestry and agriculture). These changes will alter the magnitude, timing, and intensity of a region's prevailing precipitation pattern (e.g. whether snow or rainfall) and affect the regional hydrology.
Climate is one of the most important determinants of vegetation patterns globally and has significant influence on the distribution, structure and ecology of forests [1] . Several climate-vegetation studies have shown that climatic regimes determine specific plant communities or functional types in any region [2] . It is therefore logical to assume that changes in climate would alter the distribution of forest ecosystems. Based on a range of vegetation modelling studies, there are indications of potential forest dieback towards the end of this century and beyond, especially in tropics, boreal and mountain regions [3] [4] [5] .
According to the IPCC [6] , "for many natural systems on land and in the ocean, new or stronger evidence exists for substantial and wide-ranging climate change impacts" and the model-based projections indicate large-scale forest dieback and loss of biodiversity. Non-climate stressors like, unsustainable dependence of communities on forests, land-use change, and forest management practices associated with harvesting of wood and other forest products and raising of single-species plantations would further exacerbate the adverse impacts under climate change [6] . Climate change will be the dominant stressor on terrestrial ecosystems "in the second half of the 21 st century, especially under RCP6.0 and 8.5" [6] , and up to 2040 non-climatic stressors such as land-use change and pollution "will continue to dominate threats to most freshwater ecosystems and most terrestrial ecosystems" [6] .
A modelling study for India [7] indicated that 30.6% and 45% of the forest ar- The overall objective of the study is to assess the impact of projected climate change on forest ecosystems of the 3 river basins of Himalayan region.  To assess the impact of climate change on forest ecosystems of the three river basins using the latest CMIP5 climate model projections and two dynamic global vegetation models.  To assess the impact of climate change on vegetation shifts and NPP of the forest ecosystems of the three river basins. In this study, the investigation is limited to only vegetation shifts and NPP since these two variables are more fundamental to ecosystems and have been also validated by previous studies [7] [8] . Carbon stocks have not been analysed because it is challenging to validate model simulated carbon stocks as observations (of biomass and soil carbon) are lacking.
Study Area
Climate change assessment is carried out for the 3 river basins of Himalayan Region namely: Brahmaputra, Koshi and Upper Indus.
Brahmaputra: The Brahmaputra takes its birth in the Kanglung Kang Glacier near the Kailash range of Himalayas located in the south-western part of the Tibetan plateau at an elevation of 5300 m (82˚10˚E and 30˚30'N) near Konggyu Tso Lake. The Brahmaputra River traverses a distance of 2880 km through three countries, namely, China, India, and Bangladesh, before joining the Bay of Bengal. The catchment area of the river falls in four countries. Although the main river does not flow through the Kingdom of Bhutan, 96% of Bhutan's area falls under this basin. The basin lies between 23˚N to 32˚N latitude and 82˚E to 97˚50'E longitude. In India, the Brahmaputra basin covers parts of six states: Arunachal Pradesh, Assam, Nagaland, Meghalaya and West Bengal and the whole of Sikkim. The cultivated area of the basin is around 12.15 Mha. About 30% of the Brahmaputra river basin is covered by forest. Tropical semi evergreen forest is the dominant observed current forest type, which covers 22.5% of total area of the basin as shown in Figure 1 . This forest type covers lower Dibang valley, Lohit, Anjaw and parts of Tinsukia. Medium dense forest dominates as shown in Figure 2 , and is spread over north-eastern parts of the basin. The remaining is covered by open, very dense and non-forest areas.
Koshi river basin: Koshi River drains the northern slopes of the Himalayas in Tibet Autonomous Region and the southern slopes in Nepal. The Koshi River is also known as Saptakoshi. It is 720 km (450 mi) long and drains an area of about 61,000 km 2 (24,000 sq mi) in Tibet, Nepal and Bihar. The Koshi basin is rivers in this basin are Koshi (main stem), Kamla Balan Adhwara Group of rivers and Bagmati. Koshi river basin has broadly two types of forests; Broadleaved and Coniferous ( Figure 3 ). The proportion of area covered by dense forest is less in this basin. Dense broadleaved forest is spread along southern part of the forested area in the basin, with small chunks in the eastern region. Dense coniferous forest covers the middle and northern region. Also we find the sparse coniferous and broadleaved forest in the central part of the region. Dense broadleaved forest covers major portion of forested area accounting for 32% of the region. Table 1 .
Methods and Models
The impact of climate change on forests is assessed by identifying shifts in boundary of forest types and changes in NPP. This assessment is based on the 
Climate Change Projections and Scenarios
Climate projections for impact assessment are obtained from CMIP5 models.
Even though large number of GCMs (General Circulation Models) or ESMs (Earth System Models) is available only 5 ESMs which provide all climate variables required for running the DGVMs are selected (Table 2 ). An ensemble of 
DGVMs Used for Impact Assessment
Two Dynamic Global Vegetation Models (DGVMs) have been used for assessing the impact of climate change on the Himalayan river basins as it would provide an estimate of the uncertainty, robustness and hence the reliability of the projections on future changes in vegetation characteristics. If a given forested grid is shown to be impacted by both the DGVMs, then the confidence would be very high. Though more DGVMs would be desirable for robust estimates, we are constrained by resource limitations in this study.
IBIS and LPJ have many differences in their inputs, process representation, functionality and outputs. The major difference lies in the vegetation types represented in the two models. IBIS defines 15 vegetation types, whereas LPJ defines only 9 vegetation types (Table 3) . Most of the vegetation types of IBIS are found in India. Because of this difference it is likely that there could be differences between the results of these two models. IBIS (Integrated Biosphere Simulator): The dynamic vegetation model IBIS is designed around a hierarchical, modular structure [9] . The model consists of four modules namely 1) Land surface module, 2) Vegetation phenology module, 3) Carbon balance module and 4) Vegetation dynamics module. These modules, though operating at different time steps, are integrated into a single physically consistent model that may be directly incorporated within AGCMs (Atmospheric General Circulation models) for receiving climate data. For example, IBIS is currently incorporated into two AGCMs namely GENESIS-IBIS [10] and CCM3-IBIS [11] . In this study, we provide climate date for driving IBIS and hence IBIS is run in an "offline mode" here.
Lund There are several modeling studies in literature that infer increased water use efficiency by simulating reduced plant transpiration and increased runoff for elevated CO 2 levels. Both IBIS and LPJ have explicit representation for increased water use efficiency for elevated CO 2 by parameterizing stomatal conductance as a function of atmospheric CO 2 concentration. However, in this study, runoff and canopy transpiration has not been generated from the models. Further, the focus of this study is on the impacts climate change on the dynamics of vegetation and forest productivity, and hence the projections of transpiration and runoff have not been assessed.
Data requirements for IBIS and LPJ: LPJ requires 3 climate variables namely, temperature, precipitation and cloudiness (Table 4) . IBIS requires 8 climate variables namely temperature, precipitation, cloudiness, relative humidity, temperature range, wet days, wind speed and delta T (minimum temperature ever recorded at a particular location minus average temperature of the coldest month).
Impact of Climate Change on Forest Ecosystems of Himalayan River Basins
In this section, the impacts of climate change on forest ecosystems in the Brahmaputra, Indus and Koshi river basins are presented. 
Brahmaputra River Basin
In this study, the impact of climate change is assessed by comparing the distri- 
NPP Change in the Mid and Long-Term under RCP 8.5
The impact of climate change on NPP is presented in Figure 8 for 
Impact of Climate Change on Forest Ecosystems of Koshi

Forest Vegetation Shift under RCP 4.5 and 8.5 in the Long-Term
The grid points projected to undergo change in forest type in the long-term under Figure 11 shows the projected change in NPP in the mid and long-terms under RCP8.5 only as simulated by the two DGVMs. Only one grid point covering
NPP Change in the Mid and Long-Term under RCP 8.5
Sindhupalchok is projected to experience higher percentage increase in NPP of Taplejung and Sankhuwasabha with sparse conifer and broadleaf forest are projected to increase by 40% -80%.
In summary, climate change is projected to impact 2 -6 grid points in the mid-term and 5 -6 grid points in the long-term according to the 2 DGVMs. Further, forest vegetation shift is projected for Solukhumbu under both the DGVMs. NPP is generally projected to increase in most grid points in the mid and long-terms. Figure 14 shows the projected change in NPP in the mid and long-terms, under RCP8.5, as simulated by the two DGVMs. IBIS model projects a decrease in NPP of about 10% -20% in the highly forested south western parts of the basin under RCP8.5 in the mid and long-terms. This includes the districts Mardan, Swabi, Haripur, Buner, Abbottabad, Malakand PA, Lower Dir, Mohmand Agency, which have dense conifer and mix forest. However, the districts of the central region Diamir, Swat, Kohistan, Upper Dir and Gilgit are projected to have an increase of NPP by 20% -100% in the mid and long-terms. LPJ projects an increase in NPP for the entire basin area. LPJ projects 10% -30% increase in NPP in the central part of the basin covering districts of: Kohistan, Diamir, Swat, Batagram, Shangla for RCP 8.5. Further, more than 90% increase in NPP is projected in parts of Gilgit. Ghizer, Baltistan and Ghanche, which have very low forest cover. The central region with districts: Ghizer, Chitral, Kohistan and Diamir which have sparse and dense conifer forest is projected an increase of 60% -90%. In summary, climate change in the long-term is projected to impact largely the forested districts of South and Western districts according to LPJ while most districts except the South-western districts will be impacted by climate change according to IBIS. Further, largely the forest-dominant districts will be impacted as simulated by LPJ. NPP is projected to decrease in the forest dominated districts of south and south-western districts by IBIS, while LPJ projects an increase in NPP for the same districts.
Impact of Climate Change on Forest Ecosystems of Indus
NPP Change in the Mid and Long-Term under RCP 8.5
Summary and Conclusions
In this study, impacts of climate change in terms of vegetation shifts and NPP (a measure of vegetation productivity) changes are assessed for Brahmaputra, Ko- Forests are mostly prevalent in the northern, middle and southern part of the Brahmaputra, Koshi and Indus river basins, respectively. Tropical semi-evergreen forests dominate the Brahmaputra basin, Koshi basin is dominated by dense broadleaved forests and Indus basin is dominated by dense conifer forests. While both DGVMs project vegetation shifts in the forests areas of the basins, there are differences in vegetation shifts projected by IBIS and LPJ. This may be attributed mainly to differences in representation of various physical and biological processes in the models and in the number of vegetation types (Plant Functional Types) defined and simulated in the two models. However, there is some agreement in NPP changes as projected by both IBIS and LPJ, with IBIS mostly projecting larger increase in NPP for the future scenarios. For the high emission RCP8.5, NPP is projected to change by −6% to 15% in the forested areas of the Brahmaputra basin in the mid-term and by 10% -45% in the long-term. For the Koshi river basin, vegetation productivity is projected to change by −10% to 20% in the mid-term and by 10% -35% in the long-term in the forested areas. In the case of Indus basin, DGVMs project NPP change is about −10% to 10% in the mid-term and −20% to 20% in long-term in the forests areas of the basin. The increased future levels of CO 2 and the consequent CO 2 fertilization are primarily responsible for increased terrestrial vegetation productivity. In higher altitudes, increased length of growing season should also play a major role in enhancing NPP since ecosystems at higher altitudes are presently temperature-limited. Further increases in annual mean rainfall are also likely to result in increased NPP. However, caution should be exercised because future land cover change and nutrient limitations are not represented in both IBIS and LPJ. Both land cover change and nutrient limitation could reduce the increase in NPP that is simulated in our study.
The impact of climate change on forest ecosystems and biodiversity could be long-term and irreversible. Forest ecosystems are very critical for biodiversity, watershed protection and livelihoods of forest dependent communities especially in the Himalayan river basins. Thus it is necessary to make a reliable and robust assessment of the impacts of climate change on forest ecosystems and biodiversity. In the present DGVM based assessment, vegetation shifts are projected and further declines in vegetation productivity in several grid points of the forested regions of the three major river basins are also projected. Use of more climate models for climate projections and more DGVMs is recommended in the future to reduce the uncertainty and increase the confidence in assessment of the impacts of climate change on the forests. Further, there are limitations with respect to DGVMs for species level assessment of the impacts of climate change: DGVMs only assess the shifts in the forest types. We have assumed in this study that any shift in the forest types indicates the non-suitability of the future climate to the existing forest types and biodiversity, leading to potential forest dieback and short-term loss of biodiversity and biomass production.
We have assessed only NPP changes because models generally have some amount of bias in simulating NPP and hence it is normally a better practice to investigate only the changes. When baseline NPP is subtracted from future NPP, it is assumed that the biases get subtracted out between two model simulations and the signal (trend) is intact. Therefore, only the changes in NPP are investigated in this study. One improvement to our present analysis would be to com- In the absence of more DGVMs (than the IBIS and LPJ models), assessment of the vulnerability and designing of the adaptation strategies could be undertaken for all the forested grid points where there is consistency in changes projected by both IBIS and LPJ models. Based on the current vulnerability assessment, the most vulnerable forest types and districts could be identified and ranked for adaptation interventions.
Implications for Further Research and Forest Management
The coming into force of the recent Paris agreement under the United Nations also presents an opportunity in some forested grids in the form of increased net primary productivity due to the effect of increased carbon dioxide fertilization.
However, the scenario of increased productivity could be threatened by lack of adequate water and other nutrients in a warming climate, as well as the projection of vegetation shifts, especially in low biodiversity, disturbed, and fragmented habitats.
Development and implementation of adaptation strategies and practices for climate change in the forest sector in the Himalayan region will require long gestation periods, and years of research and development, institutional building, and education. To enable this, it is important to have as much information about the likely future scenario as possible. However, there are a number of adaptation practices that could be incorporated in afforestation and reforestation projects to help restore and maintain forest functions and address and pre-empt the potential impacts of climate change. They include:
• Promotion of regeneration of native species in degraded natural forest lands through protection and naturalregeneration to reduce vulnerability to the changing climate • Promotion of multi-species plantation forestry incorporating native species in place of mono-culture plantation of exotic species to reduce vulnerability • Adoption of short-rotation species in commercial or industrial forestry to facilitate adaptation to any adverse impacts of climate change • Incorporation of silvicultural practices such as sanitation harvest and increased thinning to reduce the occurrence of pests and diseases • Incorporation of fire protection measures to reduce the vulnerability of forests to fire hazards resulting from warming accompanied by droughts • Implementation of soil and water conservation measures to reduce the adverse impacts of drought on forestgrowth • Use of soil and water conservation as a key adaptation practice for reducing vulnerability; the practice also reduces carbon loss from soils and enhances
